Introduction
Bimodality assessment is accepted as a useful statistical tool to segregate two overlapping distributions of plasma glucose in a population [1] [2] [3] . Among Pima Indians [1] & Micronesians in island of Nauru [2] with very high prevalence of diabetes mellitus, community based studies revealed unequivocal evidence of Bimodality of Plasma Glucose distribution (BPG). In them, the two modes of glucose distribution are widely separated and the cut point of the two normal glucose distribution curves of the fitted bimodal model, distinctly separated individuals with normal and abnormal glucose tolerance. The BPG in Pima Indians was accepted by World Health organization (WHO) as a tool to set diagnostic thresholds for Diabetes mellitus (DM) in non obstetric population [3] . Further studies demonstrated BPG in ethnic groups with lower DM prevalence like Mexican Americans [4] . Chinese [5] , Malaysians [6] , Asian Indians [7, 8] , Egyptians [9] and Caucasians [10] . But, unlike Pima Indians, in these racial groups, due to the overlap of two normal glucose distribution curves in bimodal model, cut points of two normal distribution curves, were of lesser 'biological' significance [8] .
There is only limited research on the usefulness and reliability of a BPG based approach to identify diagnostic threshold values for gestational diabetes mellitus (GDM). In a recent retrospective study involving Asian Indian pregnant women undergoing universal GDM screening by oral glucose tolerance test (OGTT) during 2006-2016 period, we searched for evidence of BPG and its relevance in GDM diagnosis [11] . We observed statistically significant BPG for both fasting (FPG) and 2 h post load plasma glucose (2-h PG) values. The identified cut point for FPG and 2-h PG values were in close agreement with National Institute for Health and Care Excellence (NICE) [12] and International Association of Diabetes and Pregnancy Study Group (IADPSG) criteria [13] respectively. But these cut points were not in between the means of the two normal distribution curves of the bimodal model-a requirement for a cut off value to be considered 'biologically' significant [8] . The women with known pre-gestational diabetes mellitus were not candidates for GDM screening and were excluded from the above study. Hence the BPG observed in this study was contributed by (a) undiagnosed pre-gestational diabetes mellitus and (b) newly developed gestational glucose intolerance. These hyperglycemic states, being either 'first recognized' or had 'its onset' during pregnancy, were regarded as gestational diabetes mellitus (WHO 1999) [14] . But the time of onset, duration and severity of hyperglycemia in pregnancy are different for the above hyperglycemic states and they are likely to influence the expression of BPG differently.
In 2013, WHO revised the diagnostic criteria and classification of 'hyperglycemia first detected in pregnancy' [15] diagnosis of 'gestational diabetes mellitus' is confined to women having one or more of plasma glucose values in 75 gm OGTT above IADPSG threshold values but below the diagnostic threshold for DM diagnosis i.e. FPG ≥ 92 to 125 mg/dl, 1-h PG > 180 mg /dl (no upper limit), 2-h PG ≥ 153 to 199 mg /dl. [13, 14] . There are indications in the recommendation of the WHO expert committee (2013) that it regards 'Diabetes in pregnancy' as pre-gestational in origin. The diagnostic criteria is same as of DM in non-pregnant state [16] . The recommendation to screen for presence of long term complications like retinopathy and nephropathy, suggests that the hyperglycemic state is of long duration in these women.
The ultimate aim of our studies on bimodal distribution of glucose in pregnant women is to identify a reliable diagnostic threshold for GDM as was achieved earlier for diagnosis of diabetes in non obstetric population [3] . Our earlier study was conducted in a mixed obstetric population which included women with and without pre-gestational diabetes and it failed to provide biologically relevant cut off points. The present study searched whether the exclusion of women with pre-gestational diabetes improve or diminish the chances of identification of glucose threshold values for GDM diagnosis. Those women with history of diabetes prior to pregnancy or with glycated hemoglobin (Hb A1c) ≥ 6.5% (48 mmol/mol) at first antenatal visit [13] or have 'Diabetes in pregnancy', are considered to have pre-gestational DM and were excluded from the study. The research questions are (a) Does the exclusion of women with pre-gestational diabetes alter the bimodality in glucose distribution and cut off values observed in our previous study? b) Any evidence for bimodality in distribution of 1 h post load plasma glucose value (1-h PG) in pregnancy? c) Does the pattern of glucose distribution change with gestational age?
Methods

Study design and selection of participants
This retrospective study involved pregnant women of Asian Indian origin who attended routine antenatal clinics at St Stephen's Hospital, a 600 bedded tertiary care hospital in New Delhi, during 2011 January to 2016 December period. The hospital manages ∼2500 pregnant women annually and all of them are of Indian ethnic background, residing in New Delhi. The 75 gm OGTT based universal GDM screening at our centre is generally scheduled at 24-28 weeks of gestation. But those with high risk for GDM (previous GDM, family history of DM, obesity etc) had OGTT at an earlier date. Those who presented to us for antenatal check up after 28 weeks of gestation, had OGTT at the earliest convenient date. We followed GDM diagnostic criteria proposed by IADPSG [13] ie. any one of the glucose value in 75 gm OGTT above the threshold level; FPG ≥ 92 mg/dl or 1-h PG ≥ 180 mg/dl or 2-h PG ≥ 153 mg/dl.
Our centre also practices a hemoglobinopathy screening programme in pregnancy at first antenatal visit by hemoglobin electrophoresis which concurrently estimates HbA1c level of all pregnant women. Those women with HbA1c ≥ 6.5% (48 mmol/mol) are diagnosed to have pre-gestational diabetes.
During Jan 2011 to Dec 2016 period, 13,568 pregnant women participated in the OGTT based universal GDM screening program in our centre. 249 women with known DM, as were not candidates for GDM screening, were self excluded from the study. From these 13,568 pregnant women with OGTT data, we excluded a. 145 (1.07%) women with either HbA1c ≥ 6.5% (48 mmol/mol) or FPG ≥ 126 mg/dl (7 mmol/l) or 2-h PG ≥ 200 mg/dl (11.1 mmol/L) (Diabetes in Pregnancy) b. 2152 (15.9%) women in whom reliable date of last menstrual period was not available. The FPG, 1-hr PG and 2-hr PG values of the remaining 11,271 OGTTs were used for BPG analysis. The OGTTs were done at < 13 gestational weeks (Gw), 13-< 24 Gw, 24-28 Gw and > 28 Gw for 524 (4.64%), 4242 (37.6%) 4305 (38.19%), 2200 (19.51%) women respectively. These gestational age stratified subgroups were analyzed separately for any alterations in plasma glucose distribution.
This study protocol is approved by the institutional ethics committee.
OGTT procedure:
After 10 h of overnight fast, standard protocol for the OGTT with ingestion of 75 gm glucose [D-Glucose powder (Glaxo) 75 gm dissolved in 200 ml distilled water consumed in 5 min] was followed in all women. Venous plasma glucose values were obtained at 0 h (FPG), 1 h (1-h PG) and 2 h (2-h PG) after oral glucose. The OGTTs were supervised by a diabetic educator nurse who ensured proper pre test preparation, fasting state, full consumption of oral glucose and proper timing of blood sampling.
Laboratory methods
Our laboratory is certified by the National Accreditation Board for testing and calibration Laboratories and uses Biorad laboratories for proficiency testing. The plasma glucose was estimated by the glucose oxidase method on Beckman AU 680. All the laboratory standards for glucose were met (i.e., imprecision < 2.9%, bias < 2.2% and total analytical error < 6.9%) [17] . HbA1c estimation was done by Ion exchange High performance liquid chromatography using Bio rad D 10TM machine (Bio rad laboratories. Hercules CA). The estimation is traceable to the reference methods of both the National Glycohemoglobin Standardization Program and the International Federation of clinical chemistry and laboratory medicine. The inter-assay coefficient of variation was 1.9%.
Statistical analysis
The data was analyzed by R -software 3.3.3.(R-core team, Vienna, Austria). The distribution of FPG, 1-h PG and 2-h PG values are generally skewed to the right. Log transformation was applied to remove the right skewness. A normal distribution and mixture of two normal distributions were fitted to log-transformed glucose data. The normal distribution was fitted using maximum likelihood method [18] . The mixture model of two normal components
2 where f(x) = density function for a normal distribution; α, 1-α are the mixture proportions; μ 1 μ , 2 are the means and σ σ , 1 2 are the standard deviations and it was fitted through the expectation -maximization (EM). The normal mix EM function from the Mixtools in R was applied [19] . To assess the presence of bimodality the mixture model was compared with unimodal distribution using likelihood ratio test in the whole study group and in the gestational age stratified groups (< 13, 13-< 24, 24-28, > 28 Gw) [20] . The variance of two normal distributions were quite different, thus for finding the p values for significance of bimodal as compared to unimodal, χ 2 distribution with 6 degree of freedom was applied [18] .
To overcome the regularity problems like identifiability of the mixture model, this comparison was further verified by bootstrapping method with 1000 bootstraps as follows [11, 21] .
a. A bootstrap sample was generated from the one-component normal distribution (H 0 -null hypothesis) with mean and variance as estimated from our data. The sample size of the generated data was also the same as that of each corresponding gestational age group. The −2 log λ for the bootstrap sample was calculated ie
where L 0 = maximum likelihood estimates (MLE) under null hypothesis and L 1 = MLE of alternative hypothesis i.e. bimodal distribution. a. The above step was repeated 1000 times to obtain 1000 simulated −2log λ . b. The −2 log λ for the observed data was calculated.
c. m, which is the total number of simulated values of −2 log λ greater than or equal to the observed value, was counted and the p value = + (m 1)/1000, was determined.
Bootstrapping method for hypothesis testing with 1000 bootstraps were done for FPG, 1 hr PG and 2-h PG values in all OGTT study groups. The 95% confidence intervals (CIs) of means of bimodal normal were estimated using bootstrapping with 1000 bootstraps [22] . Clinical variables were compared between the specific Gw groups with remaining data using the unpaired students t-test and Pearson chi-square test.
Results
The age, body mass index (BMI), parity, history of previous GDM, family history of hypertension, family history of diabetes and the prevalence of GDM, obtained by review of medical records, are available for 11,231 women in Table 1 . Reliable pre gestational BMI of these women was not available, hence the BMI is calculated from the height and weight recorded at the time of their first antenatal visit before 20 weeks of gestation. Generally the prevalence of alcohol consumption [23] and smoking [24] during pregnancy is low among South Asian women and in our study population it was extremely rare. Those women in gestational age groups < 13 weeks and between 13 and 23 weeks, had higher GDM risk factors compared to the remaining pregnant women ( Table 1) .
The results of statistical tests of unimodal and bimodal models of log transformed FPG, 1 -h PG and 2 -h PG of the whole group are summarized in Table 2 . The Log likelihood ratio statistics showed a significant difference between the unimodal and the normal bimodal distributions by chi square test for all glucose parameters (p < 0.001 for all). On detection of bimodality in likelihood ratio test for FPG, 1-h PG and 2-h PG values, the fitted bimodal distribution curves were superimposed on the histogram chart. There was marked overlap of the two normal distribution curves of bimodal distribution and no reliable cut points could be obtained in this study for any glucose parameters. (charts not shown).
The statistical analysis of FPG, 1-h PG and 2-h PG for gestational age stratified < 13, 13 to < 24, 24-28, > 28 weeks, is shown in Table 3 . There was no difference between unimodal and normal bimodal distribution of any of the plasma glucose parameters, in < 13 Gw group (all p values > 0.05).
For > 28 Gw group, the p values for FPG, 1-h PG and 2-h PG were 0.0009, 0.002 and 0.012 respectively. For 24 to 28 Gw group, the p values for FPG, 1-h PG, 2-h PG were < 0.001, 0.036, and 0.033 respectively. Bootstrapping method for hypothesis testing with 1000 bootstraps also showed similar results except for 2-h PG in 24-28 Gw group (bootstrap p value 0.06 vs likelihood ratio test p value 0.033) . In the 13 to 23 Gw group, difference was significant for FPG (p < 0.001) and 2-h PG (p 0.016), but not for 1-h PG (p 0.301).
Discussion
The biological phenomenon of bimodality, which hints at unrecognized heterogeneity in a study population, is clinically relevant in several situations. It is useful in defining diagnostic cut points [3] , identifying phenotypic [25] or genetic [26] types and eliciting seasonality [27] of a disease. Wilson et al in the context of screening for a disease in epidemiological surveys, stressed that "if the distribution is bimodal, the 'border-line' group (of a study population) comprises of a mixture of persons with and without a disease, while in a unimodal distribution the 'borderline group' represents homogenous population" [28] . Hence, bimodality signals the evolution of a new disease in a population. In the context of our study, the bimodality of glucose distribution signifies the emergence of gestational diabetes mellitus.
The earlier community based BPG studies were designed mainly to The Asian Indians have a high prevalence of diabetes mellitus, which is reflected as high prevalence of gestational diabetes as well, in their obstetric population [29, 30] . The large sample size of our study favored the expression of BPG, while the younger age of these pregnant women might have negatively influenced its expression.
Even after exclusion of all women with pre-gestational diabetes, statistically significant BPG of Fasting, 1-h and 2-h PG values was evident in our study (Table 2 ). This observation suggests that mild glucose intolerance as observed in gestational diabetes, is sufficient to produce BPG in pregnant women. But it is not strong enough to produce useful cut off points for defining diagnostic threshold values for GDM. Hence the exclusion of pre-gestational diabetes weakens the expression of BPG in Asian Indian pregnant women. Therefore, the right approach to strengthen the BPG expression for identification of a biologically relevant cut point, seems to be the inclusion of pregnant women with marked hyperglycemia in the study population. The ideal study design for this purpose, is to include women with known pre-gestational diabetes along with those with newly diagnosed 'diabetes in pregnancy'. But, the inclusion of women with known pre-gestational diabetes raises certain practical problems. As a preparation for pregnancy, these women are often in a state of 'tight glycemic control' and the resultant normal plasma glucose values, defeat the purpose of their inclusion. On the contrary, withdrawal of anti hyperglycemic agents to obtain higher plasma glucose values in these women and to undertake OGTT in a hyperglycemic state, can have harmful effects on the foetus.
It is interesting to observe that a recent onset and transient glucose intolerance as occurs in gestational diabetes, could trigger BPG expression in pregnancy. Several researchers (Rushforth et al), stress that BPG develops when the 'diabetes epidemic' is established in a population [1, 2] . But, Stern analyzed the implication of bimodality to the time course of diabetes development, in the context of transformation of impaired glucose tolerance to Type 2 diabetes [31] . He postulated that the chances to have BPG is more when the deterioration from impaired glucose tolerance to DM occurs rapidly rather than over years. We speculate that both of these prerequisites for BPG proposed by Rushforth et al and Stern, are operational in development of BPG in Asian Indian pregnant women. They belong to a background population with established diabetes epidemic and those women with pre-pregnancy predisposition for diabetes, deteriorate further in pregnancy at a rapid phase (in months) to exhibit bimodality of glucose distribution.
The observation of BPG for 1-h PG in pregnancy is a novel finding. As 1-h PG estimation is not required for diagnosis of DM in non obstetric population, the pattern of its distribution is not evaluated in the recent community based studies [5, 8] . In an earlier Pima Indian study, bimodality of 1-h PG distribution was demonstrable, but was found inferior to 2-h PG in separating normal and diabetic populations [32] . Of late, there is a renewed interest on the significance of 1-h PG value. In a retrospective study in general population, 1-h PG value of > 155 mg/dl (8.6 mmol/L) was more predictive than 2-h PG for future development of diabetes [33] . Bergman et al [34] reported a longitudinal association of elevated 1-h PG > 8.6 mmol/l (155 mg/dl) with and without impaired glucose tolerance with cumulative incidence of diabetes over 24 years in a non diabetic cohort. In pregnant women too, the need for insulin therapy is higher in those with high 1-h PG values in OGTT [35] . For GDM diagnosis, 1-h PG estimation is recommended by most professional organizations like IADPSG [13] , WHO [14] and International Diabetes Federation [36] , but has not been included in the NICE diagnostic criteria [12] . Our observation of BPG for 1-h PG in pregnancy, supports its strength in segregating women with and without glucose intolerance and favors its inclusion in the GDM diagnostic criteria.
In Asian Indian pregnant women without pre-gestational diabetes, BPG was absent in the first trimester but it was evident in the second trimester for FPG, 1-h PG and 2-h PG values. The bimodality attained highest level of statistical significance for all glucose parameters in the third trimester. These findings suggest that bimodality of glucose distribution emerges in mid gestation and it strengthens further with advancing gestational age. The bimodality of FPG and 2-h PG observed in pregnancy before 24 weeks (Table 3) in Asian Indian women, may be regarded as an evidence for the emergence of gestational diabetes earlier than the traditional GDM screening period of 24-28 Gw. But, the earlier detection of BPG in the present study, is attributable to our policy of undertaking OGTT for GDM screening before 24 Gw, only in women with high GDM risk factors. The ideal study design to time the emergence of BPG in pregnancy, is to undertake OGTT assessment in all pregnant women sequentially in different stages of gestation, irrespective of their GDM risk factors. An earlier study from South India, undertaking universal GDM screening in each trimester separately, revealed that 38.7% of the GDM women were diagnosed before 24 Gw [37] . In the present study too, 1088 GDM women were diagnosed before 24 Gw and they formed 44.7% of the total 2434 women with gestational diabetes (Table 1 ). These observations support the strong possibility of early emergence of GDM in Asian Indians. The right time for GDM screening remains controversial and there is growing evidence to support early screening strategies in high GDM risk populations [38] . A well designed prospective study to assess the benefits of early screening before 24 Gw in a low GDM risk pregnant population is ongoing in China, and its results may settle many controversial issues in this area [39] .
To the best of our knowledge, there are no studies on the bimodality of glucose distribution in pregnancy in any ethnic groups other than Asian Indian women. The design of the present study and the interpretation of its findings are mainly guided by the conclusions of the ‡ Bootstrap method using 1000 bootstrap and percentile (2.5%-97.5%) was used for 95% confidence interval. $ P-value from bootstrap method described in the statistical section.
earlier BPG studies in non obstetric population. But the pathogenesis, glycemic targets and the natural history of glucose intolerance in pregnancy differ significantly from diabetes mellitus in general population [40] . Hence there can be limitations in comparison of the findings of our study with the conclusions of the earlier BPG studies in non pregnant population. The weakness in the design of the present study in assessing the time of emergence of BPG in pregnancy is highlighted in the previous paragraph. The large sample size, universal OGT Testing and single ethnic group of the study population are the major strengths of this study. The findings of this study, though do not translate to clinical decisions immediately, can aid future research to develop alternate strategies for GDM diagnosis.
Conclusions
The present study showed evidence for bimodality of FPG, 1-h PG and 2-h PG distribution in Asian Indian women, even after exclusion of women with pre-gestational diabetes. This finding suggests that mild glucose intolerance of pregnancy, even though of transient nature, can produce bimodality in plasma glucose distribution. But the exclusion of pre-gestational diabetes has weakened the expression of bimodality and a cut point for GDM diagnosis could not be identified. The finding of BPG of 1-h PG in pregnancy is a novel finding. The observation of emergence of BPG in 'high GDM risk' women prior to 24 weeks of gestation may be a prelude to further research to identify the time of emergence of BPG and gestational diabetes in pregnancy, in high risk populations. Table 3 Statistical tests of unimodal and bimodal models of log transformed Plasma Glucose (FPG, 1-h PG, 2-h PG) according to gestational age. Bootstrap method using 1000 bootstrap and percentile (2.5%-97.5%) was used for 95% confidence interval;
